The mouse c-Ki-ras protooncogene promoter contains an unusual DNA element consisting of a 27 bp-long homopurine -homopyrimidine mirror repeat (H-motif) adjacent to a d(C-G)5 repeat. We have previously shown that in vitro these repeats may adopt H and Z conformations, respectively, causing nuclease and chemical hypersensitivity. Here we have studied the functional role of these DNA stretches using fine deletion analysis of the promoter and a transient transcription assay in vivo. We found that while the Hmotif is responsible for approximately half of the promoter activity in both mouse and human cell lines, the Z-forming sequence exhibits little, if any, such activity. Mutational changes introduced within the homopurine -homopyrimidine stretch showed that its sequence integrity, rather than its H-forming potential, is responsible for its effect on transcription. Electrophoretic mobility shift assays revealed that the putative H-motif tightly binds several nuclear proteins, one of which is likely to be transcription factor Spi, as determined by competition experiments. Southwestern hybridization studies detected two major proteins specifically binding to the H-motif: a 97 kD protein which presumably corresponds to Spl and another protein of 60 kD in human and 64 kD in mouse cells. We conclude that the homopurine -homopyrimidine stretch is required for full transcriptional activity of the c-Ki-ras promoter and at least two distinct factors, Spl and an unidentified protein, potentially contribute to the positive effect on transcription.
INTRODUCTION
SI hypersensitive sites are often associated with eukaryotic promoters within active chromatin or in superhelical plasmids. In many cases, these sites are located within homopurinehomopyrimidine stretches (reviewed in 1). It has become increasingly clear that the formation of an unusual DNA structure, called H-DNA, by homopurine-homopyrimidine mirror repeats is responsible for nuclease hypersensitivity in vitro (reviewed in 2). During recent years, independent studies have shown that homopurine-homopyrimidine stretches are important for the function of several eukaryotic promoters, including human EGFR (3), ets-2 (4), IR (5) , and c-myc (6, 7) , mouse c-Ki-ras (8) and , Drosophila hsp26 (10, 11) , and others. These DNA stretches also serve as binding targets for nuclear proteins, presumably functioning as transcriptional regulators (9, 10, [12] [13] [14] [15] [16] [17] [18] [19] . However, any connection between the H-forming ability of those homopurine -homopyrimidine sequences and their function as promoter elements remains to be established. An attempt to discover H-DNA in vivo in the Drosophila hsp26 promoter failed to detect this structure (11) .
We have studied the functional role of the S1 hypersensitive stretch within the mouse c-Ki-ras protooncogene promoter. The c-Ki-ras protooncogene plays an important role in signal transduction and cellular proliferation (reviewed in 20) . The promoter of this gene is typical of housekeeping gene promoters, i.e. it is highly GC-rich, contains neither TATA nor CAAT box elements, and has multiple transcriptional start sites (8) . The cloned promoter reveals strong SI hypersensitivity associated with a 27-bp long homopurine-homopyrimidine mirror repeat flanked by a d(C-G)5 repeat. In a previous analysis of the structure of the c-Ki-ras promoter, we found that either H-DNA, by a homopurine-homopyrimidine stretch, or Z-DNA, at a d(C-G)5
repeat, is formed in supercoiled DNA (21) . Preliminary experiments indicated that an unusual DNA element is important for c-Ki-ras transcription (8) .
Here, we present a detailed structure function dissection of the c-Ki-ras promoter. Based on deletion mutagenesis coupled with transient transcription assays, we conclude that the H-motif is required for full promoter function, while the Z-forming element has little, if any, such role. Mutational analysis of the H-motif revealed that it is the sequence integrity, rather than the H-forming potential, that is important to promote transcription. Finally, we *To whom correspondence should be addressed Q-D/ 1994 Oxford University Press 3272 Nucleic Acids Research, 1994, Vol. 22, No. 16 have observed the H-motif in specific complexes with several nuclear proteins that likely represent sequence-specific DNA binding transcription factors.
MATERIALS AND METHODS Oligonucleotides
Oligonucleotides were synthesized on the ABI High Throughput DNA/RNA synthesizer Model 394 as described in the User's Manual (Applied Biosystems). They were deprotected by incubation in a concentrated ammonium hydroxide for 15 hours at 55°C, followed by concentration in a SpeedVac and precipitation by 2 volumes of 2M LiCl04 in acetone. Dried pellets were dissolved in 0.5 ml of TE buffer and additionally purified on NAP-5 columns (Pharmacia).
Plasmids
Plasmid DNA was isolated by standard alkali lysis followed by twice repeated equilibrium centrifugation in a cesium chloride-ethidium bromide gradient. All the recombinant plasmids were sequenced by the Maxam-Gilbert method to confirm their authenticity.
Chemical probing of DNA Modification of supercoiled DNA with chloroacetaldehyde, diethyl pyrocarbonate and osmium tetroxide was carried out in 20 mM Na Acetate, pH 4.5; 1 mM EDTA; 100 mM NaCl as previously described (21) . Modified DNA samples were digested by restriction enzyme AvaI (see Fig. 1 ). Top and bottom strands were 32P-labelled using T4 polynucleotide kinase or the Klenow fragment of DNA polymerase I, respectively. A second digestion with BglI was followed by isolation of the 170 bp end-labeled fragments from a 6% native polyacrylamide gel. Samples modified with OSO4 and DEPC were treated with 1M piperidine for 30 mmn. at 90°C. CAA-modified samples were treated with either formic acid, or hydrazine in high salt, followed by piperidine treatment. Piperidine-treated samples were dried, dissolved in 80% formamide, 1 mM EDTA and loaded on an 8% polyacrylamide gel with 7M urea. Cell culture conditions and transient expression assays HepG2 (human liver) cells were grown in a 1:1 ratio D-MEM and F-12 nutrient mix supplemented with 10% bovine fetal serum, 10 pg/mil insulin, 100 ,ug/ml penicillin and 100 units/ml streptomycin. Y1 cells (from the mouse adenocortical tumor) were grown in F-10 nutrient mix supplemented with 12.5% horse serum, 2.5% bovine fetal serum, 100 14g/ml penicillin and 100 units/ml streptomycin. HeLa cells were grown in DMEM supplemented with 5% fetal bovine serum, 100 yg/ml penicillin and 100 units/ml streptomycin. Tissue culture media, nutrient mixes, sera and antibiotics were purchased from Gibco-BRL. Cells were transfected by calcium phosphate precipitation (34 (36) . Protein concentration was estimated as described in (37 (28) .
RESULTS
The H-motif is a cis-acting positive transcriptional element As a starting construct, we used plasmid pKRS413 containing the mouse c-Ki-ras promoter in the eukaryotic expression vector pRSVAOCAT (8) . This plasmid has approximately 300 bp of the mouse c-Ki-ras promoter driving the expression of the chloramphenicol acetyltransferase (cat) reporter gene (Fig. 1) . It was previously found that this portion of the promoter is necessary and sufficient for promoter activity in mouse cells (8) . This promoter region contains convenient restriction sites that we used to make various deletion constructions (Fig. 1) plasmid, pCH1 10, which contains lacZ gene encoding E. coli jgalactosidase under the control of the SV40 early promoter (22) . The transfection efficiency was determined by a ,B-galactosidase assay and c-Ki-ras promoter activity was determined by the CAT assay. The results of the CAT assays normalized with those of the ,B-galactosidase assays are presented in Fig. 1 . In all studied cases, we saw no significant differences when the assays were carried out in human or mouse cells. Thus, the transcriptional elements that exist in the c-Ki-ras promoter are likely to be equally functional in both human and mouse cell lines.
We studied two types of deletions: upstream truncations and internal deletions. The data obtained from examination of upstream truncation constructs indicate that three areas are important for promoter activity. Deletion of the upstream AvaI-PstI fragment causes a 3 fold decrease in promoter activity. Loss of the PstI -ClaI fragment causes an additional 2.5 fold drop. Finally, deletion to the ApaI site reduces promoter activity to background level. The promoter elements located upstream of the PstI site are yet to be elucidated, but the PstI -ClaI fragment contains the Sl hypersensitive element including H-and Z-forming DNA sequences (21) . The largest deletion examined extends close to the transcriptional start sites, so the very low promoter activity observed with this construct (AAha) is not surprising.
We were most interested in the PstI-ClaI fragment, since both the H-and Z-forming elements are located within that region. The same fragment also contains significant flanking sequences, especially downstream from the Z-forming stretch, making it unclear, a priori , which sequence elements are required to promote c-Ki-ras transcription. To address this question, we benefited from the presence of a PstI site 1 1-bp upstream of the H-motif and two BssHII sites located within the Z-forming stretch. We obtained internal deletions of either the whole PstI-BssHU fragment (APst-BssH) or only the putative H-motif (AH) (in this case oligonucleotides corresponding to sequences flanking H-DNA were inserted into the APst-BssH plasmid). Additionally, BssHlI digestion followed by removal of cohesive termini with S1 nuclease yielded a promoter derivative with a short d(C-G)2 repeat unable to form Z-DNA (AZ). We also made two additional internal deletions ABssHH-ClaI and APstI -ClaI.
The promoter activities exhibited by these constructs are presented in Fig. 1 and 2A. While the deletion of the Z-forming sequence doesnot lead to a significant decrease in promoter activity, the loss of the H-forming sequence leads to a 2 -3 fold decrease. The loss of only the H-motif has the same consequence for promoter activity as the larger PstI -BssHH and PstI -ClaI deletions. Conversely, the BssHH -ClaI deletion does not detectably influence promoter activity. These results clearly show that the H-motif is responsible for the transcriptional drop observed with the PstI -ClaI truncation. A previous report (8) showed that the deletion of the homopurine-homopyrimidine stretch drops transcription to almost the background level. Our results contradict this since we observed only a moderate 2-3 fold decrease in promoter activity. This contradiction can be explained because a much bigger deletion was actually used in the previous report. After sequencing the promoter derivative described in (8) , we found that the construct has suffered a large internal deletion from the most upstream BssHII site to the SstH site (ADO, Fig. 1 ). This deletion removed all essential c-Ki-ras promoter elements except for the transcription start sites. The promoter activity exhibited by this derivative was only 3-5 % of the original promoter activity (Fig. 2B) . Note that the results in Fig. 2A (24) . The H-motif mutants we constructed are presented in Fig. 3A . The original sequence (WT) is a perfect mirror repeat with a 4-bp loop at the pseudosymmetry site. Mutant DM1 has two Cto-T transitions in the left shoulder of the repeat, while DM2 has the corresponding substitutions in the right shoulder. QM combines all four substitutions to restore the mirror symmetry. Note that all four sequences still represent homopurinehomopyrimidine domains. To construct such mutants we benefited from the existence of convenient restriction sites (PstI and BssHl) flanking the area of interest. We cloned synthetic oligonucleotides corresponding to the whole PstI-BssHH stretch bearing various point substitutions within the H motif but with intact flanking sequences.
To check for H-DNA formation in all cases, we chemically probed the cloned mutant promoters. As we previously described (2 1), formation of H-DNA in the native c-Ki-ras promoter leads to hypersensitivity of a half of the purine strand and the center of the pyrimidine strand to single-strand-specific chemicals. The chemical reactivity for the H-motif mutants is presented in Fig.  3B . For QM, the reactivity is indistinguishable from that of the original (WT) promoter (as presented in 21), i.e. the center of the pyrimidine strand reacts with OS04 and chloroacetaldehyde, and the 5'-part of the purine strand reacts with diethyl pyrocarbonate and chloroacetaldehyde. Thus, the H-y3 isoform (Fig. 4C) is formed both by the original promoter and the quadruple mutant QM. DM2 displayed no chemical hyperreactivity (data not shown), which demonstrates its inability to form H-DNA due to point substitutions. DM1 displays weak chemical reactivity, in a pattern differing from both wild type and QM. In this case we observed reactivity towards diethyl pyrocarbonate and chloroacetaldehyde in the center of the purine strand and towards osmium tetroxide within the 5'-part of the pyrimidine strand. There is also a pronounced hyperreactivity immediately upstream of the repeat. This pattern is characteristic of another intramolecular triplex, *H-DNA, which consists of two purine and one pyrimidine strands (25) . Usually it is formed by homopurine -homopyrimidine mirror repeats in the presence of bivalent cations. It was not immediately clear why *H-DNA was formed, since DM1 is asymmetrical, and we probed in the absence of bivalent cations. However, Malkov et al. (26) recently observed the formation of a protonated purine/purine/pyrimidine triplex composed of CG*G, TA*A and CG*A+ triads. This triplex was stable under acidic pH and in the absence of bivalent cations, i. e. under the conditions we used. The formation of the H-r3 isoform by DM1 explains its modification pattern quite well, as illustrated in Fig. 3C . The modification that was observed upstream of the repeat could be easily explained as the extension of unwinding of the 5'-part of the pyrimidine strand into adjacent region. The inability of DM2 to form a similar protonated *H-DNA is not surprising, because it must adopt an unfavorable Hr5 isoform. Fig. 3C four versions of the homopurine-homopyrimidine stretch: the wild type and QM sequences form H-DNA, DM1 forms a protonated *H-DNA, and DM2 is unable to adopt any H-like structure.
We then evaluated the activity of these mutant promoters in transient transfection assays. If the H-forming potential of the homopurine-homopyrimidine stretch is essential for its promoter activity, the wild type and QM promoters should possess high promoter activity, while DM1 and DM2 should have low activity. In contrast, if sequence specificity is the issue, then all mutants should show some drop in transcriptional activity relative to the original promoter. The results are presented in Fig. 4A and illustrate that the promoter activities of DM2 and QM are very similar to each other, and are approximately a half of that of the wild type construct (p 0.04). DM1 shows an intermediate 60% level of activity but this difference is not statistically significant. Thus, we find no correlation between the H-DNAforming potential of these promoters and their transcriptional activity. Note, that the QM version of the promoter has a deletion of one GC-repeat downstream of the H-motif, making the Zforming stretch 8 bp-rather than 10 bp-long. We don't believe, however, that this small deletion influences our interpretation of the transcriptional data, since the deletion of the whole Z-forming stretch does not affect promoter activity (Fig. 1) . Because the DM1 results were not statistically different, we decided to study the influence of these H-motif derivatives in the minimal version of the c-Ki-ras promoter (ADO) where we expect the background to be lower. We cloned oligonucleotides corresponding to the wild type, DM1, DM2 and QM modifications of the homopurine -homopyrimidine stretch into the ADO construct (see Fig. 1 ) and analyzed their promoter activities by the CAT assay. Fig. 4B shows the results obtained with these minimal constructs, which are in accord with the original promoter data shown in Fig. 4A (27) . We observed prominent band-shifts only in the presence of nuclear extracts, and there were no differences in the band shift patterns obtained using nuclear extracts from mouse versus human cell lines, in accord with the results obtained in the transient expression assays described above. Fig. 5A shows typical EMSA results obtained using HeLa nuclear extract. We observed three major retarded complexes in the presence of non-specific dI/dC competitor, which are designated B1, B2 and B3. This binding pattern is similar to that previously reported in (8) . However, the specificity of these complexes, as demonstrated in competition assays, differ from the previous results in significant details. A nonspecific doublehelical DNA segment of similar length (dsAT) showed no ability to compete for complex formation, while unlabeled double-helical H-motif DNA (dsH) competed efficiently. The formation of complexes BL and B3 was competitively inhibited by another double-helical oligonucleotide (dsSpl, see below). However the formation of B2 was inhibited.,only by the unlabeled H-motif DNA. Therefore, we believe that B2 represents the specific Hmotif-protein complex. In the previous study, the B2 complex was considered to be non-specific, which is clearly contradicted by our results. The reasons of this contradiction are yet to be discovered.
We also used purine-and pyrimidine-rich strands of the Hmotif as competitor. While the pyrimidine-rich strand was not an effective competitor, the purine-rich strand competed out B2 complex formation. This indicates that the protein(s) that recognizes the H motif in a double-helical state has specific affinity to its G-rich strand. Several other proteins known to bind homopurine-homopyrimidine stretches have been reported to prefer either their purine-or pyrimidine-rich DNA strands (13, 14, 16, 17, 19 We also detected H-motif-binding proteins using a Southwestern blot analysis (28) , which is based on the fact that many proteins maintain their specific DNA-binding affinities even after separation by denaturing gel-electrophoresis. Therefore, binding of labeled DNA targets with separated proteins can indicate the presence and apparent molecular weight of specific binding proteins. We separated nuclear and cytoplasmic protein extracts from mouse Y1 cells, and human HepG2 or HeLa cells on a 10% SDS-PAGE and transferred the proteins onto a nitrocellulose membrane, which we then incubated with the 32P-labeled double-helical H-motif probe described above. Fig. 6A shows two major H-motif-binding proteins detected in these nuclear extracts . The larger protein has an apparent mass of 97 kD in both mouse and human cells, while the smaller protein has an apparent mass of 60 kD in human and 64 kD in mouse cells. The relative intensities of these bands is similar, except in the HeLa cell line where the smaller protein is more prominent. We suspect that the major 60 kD protein picked up by Southwestern blot analysis may correspond to the major gel-shifted complex B2 in HeLa nuclear exctracts.
Since the mass of the Spi protein in HeLa cell is approximately 97 kD, it is possible that the larger protein corresponds to Spl. In support of this conclusion, Fig. 6B shows a major binding protein of 97 kD detected when the experiment was performed by incubation of the membrane with an Spl-specific probe.
Both the gel-retardation assays and Southwestern blot studies reveal at least two specific H-motif-protein complexes. One complex is most likely to contain Spl based on the competition experiments and the molecular mass of Spi. The identity of the 60-64 kD protein is yet to be determined. The binding data fit well with the transcriptional results, in that we observe a similar protein pattern in extracts of both human and mouse cells.
DISCUSSION
Our previous studies indicated that the upstream sequences present within the mouse c-Ki-ras promoter may exist in either H or Z conformation in vitro depending on the ambient conditions (21) .
Here, we studied the potential role of H-and Z-forming DNA stretches in promoter function using a transient transcription assay. Our data show that while the Z-forming sequence is not essential, the H-forming stretch is responsible for approximately half of the promoter activity detected. Independent experiments with the H-motif inserted into a minimal version of the promoter demonstrated that it plays an important role in c-Ki-ras transcription as a positive cis-acting element. Similar conclusions have previously been made for homopurine-homopyrimidine stretches located within different eukaryotic promoters (3) (4) (5) (6) (7) (9) (10) (11) .
What was previously unclear is whether these sequences themselves, or their unusual structure, account for transcriptional activation function. This issue has been extensively discussed over the last 10 years. An early hypothesis by Weintraub (29) suggested that the single-stranded DNA portions of such structures could serve as an entry point for RNA polymerase. A more recent hypothesis proposes that local changes in DNA structure may regulate the interaction between promoter DNA and specific DNA-binding proteins (reviewed in 2). For example, a protein called NSEP-1 has been identified (16) , which binds to the SI-hypersensitive site in the human c-myc gene. It also binds to non-homologous homopurine-homopyrimidine stretches from other promoters, including c-Ki-ras, the insulin receptor gene (IR) and the epidermal growth factor receptor gene (EGFR), implying that NSEP-1 recognizes the common structural features of these sequences, possibly their ability to form H-DNA. The partial purification of a protein that preferentially binds triplehelical DNA has also been reported (30) . In a recent study (31) (13, 16, 17, 19) . Conversely, chicken zinc-dependent protein, BGP1, specifically binds to poly(dG) sequences (14) . By Southwestern hybridization assays we identified a 60-64 kD protein that binds to the H-motif. Additional studies are required to determine if it is responsible for the specific retardation of the H-motif probe observed in the EMSA. Several homopurine-homopyrimidinebinding proteins have previously been described including BPG1 (14) , NSEP-1 (16) , MAZ (12) , nm23-H2 (33), PYBP (13) , Pur 
